of a spill is known precisely from a remedial investigation, it will often be necessary to allow additional water to enter the soil either as part of the cleanup strategy, or because it is not possible to protect the entire soil area over the spill from water infiltration. Therefore, accurate future projection of the spill migration per unit of water input is an essential part of a design strategy for cleanup or waste isolation.
At the present time, a validated three-dimensional solute transport model capable of accurately predicting spill migration and dispersion in the unsaturated zone does not exist. In fact, the even more elementary problem of predicting the mean solute position as a function of time has been unexpectedly difficult in the unsaturated zone. Butters et al. [1989] observed that the field scale (0.64 ha) downward velocity of a surface-applied bromide pulse leached with bidaily sprinkler irrigation was significantly slower (up to a factor of 2) in the surface 1.2 m than the velocity predicted by the piston flow model using the measured net applied water flux and the measured volumetric water content. This anomaly was present whether viewed at the field scale using the area average solution concentration measurement, or when looked at locally by analyzing individual solution sampler breakthrough curves. This finding is in agreement with field research by Elabd et al. [1988] who observed a slower mean velocity for a tritiated water pulse than estimated with piston flow. However, Jaynes et al. [1988] found the opposite to be true, with the observed mean solute displacement much greater than predicted on the basis of piston flow. Russo et al. [1989a, b] showed that the mean downward displacement of water could be significantly affected by soil water hysteresis, profile heterogeneity normal to the direction of flow, or immobile water. Each of these effects were shown to obscure the relationship between mean downward transport and estimates made using the so-called piston flow model for solute displacement. spreading. Kung [1990] 
MATERIALS AND METHODS

Field Description
The solute plume experiments were performed over an 18-month period between May 1987 and October 1988 on a field site at Etiwanda, California. The soil is a nearly level Tujunga loamy sand that is of alluvial origin, well drained, with minimal horizon development (mixed, thermic, Typic Xeropsamment [Woodruff, 1980] ).
Twelve sites were selected for study from within the 0.64-ha field used in the experiment reported by Butters et at. [1989] . Figure 1 shows the location of these sites relative to Butters' 16 solution sampler sites, as well as the location of a weighing lysimeter and three excavation pits used to characterize the physical properties of the field. The definition of the plot symbol codes used in this study are also given in the caption of Figure 1 . In 1977 an established grape vineyard was cleared from the field. Since 1977 the site has been used for agricultural research by the University of California, Riverside, including occasional cropping. Three pits were dug to 5 m at the field site in order to obtain detailed visual observations of soil structure and to determine texture and bulk density variations with depth. Two bulk density samples (using cores of size 7.62 cm diameter by 7.62 cm length) were taken from each pit at 10-crn intervals between the surface and the 5 m depth. These cores were carefully driven horizontally into the shaved sidewall of the pits to obtain approximately undisturbed soil samples. Butters [1987] measured the particle size distribution in the field from samples obtained by soil coring. To supplement his results, particle size analyses were performed using the pipette method [Day, 1965] for all applications were 57.6, 39.3, and 2.7 mol m -3 for Ca(NO3)2, KC1, and H3BO 3, respectively. Immediately after each daily irrigation and solute application, the application systems were displaced 8 m laterally to allow evapotranspiration to occur from the plot surface and from the adjacent areas. Upon completion of the solute application period (approximately 2 weeks) all solute application systems were removed, and subsequent leaching of the entire field was achieved by sprinkler irrigation.
The application system described above created a twodimensional solute flux boundary condition. In addition, a second experiment was designed in which solute was initially resident in the soil. At two sites (1.5 x 1.5 m and 2.0 x 2.0 m) the top 5 cm of soil was carefully excavated, spread out on a plastic surface, and allowed to dry over a 24-hour period while the excavated site was covered to prevent evaporation. The soil was then placed in a portable cement mixer and moistened with water containing solute, applied through a hand-held sprayer, as the cement mixer continuously blended the solution into the soil. After the predetermined volume of solute solution had been applied, water was added until the soil reached a moist, moldable consistency. Upon completion of the water application, the mixing process continued until the soil had been uniformly mixed. The soil was then returned to the excavated site in three equal portions, with uniform packing after each addition using a 20-cm-diameter weighted pipe which was rolled across the surface. Upon completion of the final packing, 8-10 soil cores (4.8 cm inside diameter and 5.1 cm length) were taken from within the plot surface. The soil removed via the sampling was replaced with an equivalent weight of the spiked soil which had been reserved for this purpose. Soil cores were taken surrounding the plot surface also, so that bulk density, moisture content, and the initial solute distribution could be estimated inside and outside the plot surface. Following the initial sampling, the plot surface was moistened with about 0.2 cm of solute-free water using the hand sprayer, after which the plot was covered with plastic. This procedure was completed in the late afternoon or evening to reduce evaporative water loss. After removal of the plastic cover, daily sprinkler irrigation (---2 cm/day) began early the following morning.
Experimental Procedures
The entire study occurred in two separate phases. The first phase of the study (summer 1987), examined transport on eight of the 10 flux application sites. The second phase occurred between December 1987 and October 1988 on the remaining four sites (two flux application sites and two initial resident distribution sites). During the first phase of the study, the field surface was mowed and plant residues were removed. A 9 x 9 m area was rototilled at each of the eight sites to a depth of 8 cm. The field was brought to a steady-state water content with 14 days of sprinkler irrigation immediately prior to solute application. The eight aforementioned application systems were then placed in the center of each rototilled site. With all eight systems installed and the field at a relatively constant water content, solute application commenced.
In order to avoid wind disturbance of sprinkler uniformity, the solute application and irrigations were carried out early in the morning. Cups were placed around the plots to provide an estimate of the spatial variability of the sprinkler application as well as an estimate of the daily irrigation rate. The daily coefficient of uniformity for the sprinkler application was usually greater than 90% around a given plot, yet fieldwide uniformity was approximately 85% [Ellsworth and Jury, 1991] . The data collected at each site were used to calculate the total applied water for each specific location. Although the fieldwide uniformity was relatively high, a time bias in the application was observed, in which individual sites consistently received greater or lesser amounts of water on a daily basis than the field average. A preliminary analysis of the results from the first phase of the study revealed that the sampling scheme employed provided reasonable mass recovery estimates. However the degree of lateral solute movement was much less than anticipated, and resolution of the horizontal plume boundaries was poor because many of the cores were drilled completely outside of the solute volume. The data also revealed peculiarities in the dispersion process, with vertical plume dimensions initially increasing and then decreasing over time. Further investigation was required to understand the cause of this phenomenon. In addition, the preliminary analysis indicated that the spatial moment estimates obtained from the solute concentrations were sensitive to the interpolation scheme and sampling density.
Potential evapotranspiration (ET) was calculated by the
These results led to the development of the second study phase, examining transport in greater detail on two flux application sites and two initial resident distribution sites. In the second phase, plant residues were carefully removed from each site, leaving the soil surface bare and undisturbed (except for the smaller flux site, which was rototilled prior to placement of the tent). Daily irrigation over a 2-week period was used to create a steady-state initial condition. Two application systems ( destructively sampled once, whereas the 2.0-m flux application site was sampled several times (see Table 1 One of the purposes in using two tracers such as chloride and nitrate was to provide a measure of experimental quality control. To examine the variability in the data resulting from sample handling and analytical error, a linear regression equation was used to predict the concentration of one of the two "water tracers" from the other. We recognize that sample handling and analytical error are not the only processes which could result in variability between measured nitrate and chloride concentrations in the same soil sample (for example, the following discussion of mass balance suggests that nitrate was not a conservative tracer). However, we believe experimental error would be the primary source of variability between the two solutes. Table 1 contains the square of the correlation coefficient (R 2) for all The method of spatial moments was chosen to analyze and interpret the transport phenomena. There were several reasons for this choice. First, the method of moments does not assume anything a priori about the transport process and is thus nonparametric and model independent. However, the moments can be conveniently used to determine modeldependent parameters. Secondly, the method of moments The procedure chosen for computation of the moments was a three-dimensional interpolation of the data using an inverse distance weighting scheme. As pointed out by Barry et al. [1988] , the calculated moments are sensitive to the weighting factor used in the interpolation procedure. Crossvalidation [Geisser, 1975] was the criteria used to select the weighting factor in the present study. The sensitivity of the estimated moments to the interpolation scheme is discussed in Appendix A of Ellsworth and Jury [1991] , which also provides a thorough explanation of the interpolation method we used in this study. In general, the calculated center of mass of the plumes was relatively insensitive, mass recovery somewhat more sensitive, and plume spatial covariance the most sensitive to the interpolation scheme used.
The were omitted from this figure because, as mentioned previously, site IFS was situated above a preexisting water line, and mass recovery was anomalous because the plot could not be sampled adequately. Also, at site 8FS, the solution samples taken to determine the concentration of the applied solute were inadvertently disposed of in the laboratory prior to analysis.
Since chloride does not transform, adsorb, or volatilize significantly, the entire mass of applied chloride must be located in the soil solution. Nitrate, although also residing entirely in solution, is subject to a variety of transformations in the soil. The processes which are most relevant to this study are losses due to denitrification (as a consequence of The observation that the soft properties which determine the mean solute "velocity" (or location of the plume center of mass as a function of NAW) are relatively uniform between the various plots agrees with the field characterization study, which showed a relatively high degree of horizontal homogeneity in texture, structure, bulk density, and gravimetric water content despite a large degree of vertical variability in these same properties. Therefore, we used the field-averaged volumetric water content, Or(z) (obtained for 
